Details of the design of terminations for testing a superconducting DC monopole cable cooled with gaseous helium are presented. The termination design includes a liquid nitrogen chamber to reduce heat influx into the helium section through current leads. Thermal studies on the assembly of the two terminations and a 1 m or 30 m cable cryostat were performed at variable mass flow rates of helium gas. Measurements of temperature profile for the test system without the superconducting cable showed temperature rise between 5 K and 20 K depending on the mass flow rate. The temperature profile across the test system was used to estimate the heat load from different components of the system. Results with and without the liquid nitrogen in current lead section were compared to estimate the savings provided by the liquid nitrogen on the head of the helium circulation system. Suggestions for improving the design to enable fully gas cooled terminations are presented.
Introduction
Power cables made of high temperature superconductors (HTS) have been of interest since the availability of the materials in long length tapes, investigated by Sinha et al. (2001) , Maguire et al. (2011) , and Honjo et al. (2011) . Many prototype demonstrations of HTS power cables have been successfully completed and several such demonstrations are underway throughout the world. The majority of the demonstrations were AC power cables cooled with liquid nitrogen. Recently, the Electric Power Research Institute published a study by Eckroad (2009) on the advantages and feasibility of long distance superconducting direct current (DC) power transmission cables. One of the attractions of DC transmission systems is their suitability for smart grid concepts where power can easily be transmitted from large scale renewable energy sources such as wind farms, photovoltaic farms, and ocean wave power generators as well as interconnections between independently controlled power grids and long distance power transmission. Another advantage of superconducting DC transmission and distribution systems is the absence of AC losses in the cables that add to the cryogenic cooling capacity required to operate the cables. There have been a few demonstration projects of superconducting DC power cables cooled with liquid nitrogen. More recently, there have been projects exploring the possibility of using cryogenic helium gas circulation for cooling HTS power cables, studied by Pamidi et al. (2012) and Cheadle et al. (2013) . The primary advantage of helium compared to liquid nitrogen is the possibility of lower operating temperatures that will allow the cable designs take advantage of the significantly higher critical currents of HTS tapes making the cables smaller in size and weight. Reduced size and weight are particularly attractive for naval and aviation applications as discussed by Fitzpatrick et al. (2007) , Kephart et al. (2011 ), and Haugan et al. (2008 . The United States Navy, the National Aeronautics and Space Administration, and the Air Force Research Laboratory have been investigating all-electric ships and all-electric airplanes based on superconducting cables, motors, and generators as described by Haugan et al. (2008) . Lower operating temperatures are also essential for cables based on MgB 2 superconductors whose superconducting transition temperature is around 39 K and atypical cable operating temperatures are between 10 K and 20 K, studied by Cheadle et al. (2013) . Circulation of gaseous or liquid neon and hydrogen are potential alternatives, but for cost and safety reasons, gaseous helium circulation has been the choice for many ongoing superconducting cable projects such as those by Fitzpatrick et al. (2007) , Kephart et al. (2011), and Ferrara et al. (2011) .
Superconducting DC cables do not generate any heat and hence the choice of the cryogen is not critical for thermal aspects of just the cable. Superconducting degaussing cables cooled with gaseous helium circulation have successfully been demonstrated by Fitzpatrick et al. (2007) and Kephart et al. (2011) . A power transmission or distribution cable system consists of the terminations that transfer several kiloamperes of current from the network at ambient temperature to the superconducting cable at cryogenic temperatures. The heat from the ambient through the current leads and the termination tanks along with the Joule heating at the resistive joints between the current leads and the copper terminals of the superconducting cable is significant. This heat load at the terminations is one of the most challenging design aspects of helium gas cooled superconducting cables. Another design challenge for helium gas cooled superconducting cables is the substantially lower dielectric strength of helium gas, published by Rodrigo et al. (2012) , Graber et al. (2011), and Rodrigo et al. (2013) . The challenge is exasperated at the terminations because the warmer interfaces reduce the gas density making the dielectric strength weaker, studied by Rodrigo et al. (2013) . Innovative design concepts have to be developed to address both the thermal and dielectric challenges associated with helium gas cooled superconducting cables.
The Center for Advanced Power Systems at Florida State University has been working on the design, fabrication and testing of a HTS power cable system for naval applications, published by Pamidi et al. (2012) , Rodrigo et al. (2012) , Graber et al. (2011) , and Rodrigo et al. (2013) . To provide the cooling for the cable, a cryogenic helium circulation system based on four Gifford McMahon cryocoolers and circulation fans has been built and tested. Details of the helium circulation system were previously published by Pamidi et al. (2012) . To enable testing of a superconducting DC monopole cable, terminations were designed and fabricated. The designed terminations are expected to serve as part of a test bed for superconducting cables and are based on a hybrid design that includes a liquid nitrogen upper section. This paper describes the design aspects that address the thermal and dielectric issues of the terminations for helium gas cooled superconducting DC cables. The primary focus of the paper is the studies conducted to assess the heat load from the terminations and the cryostat assembly.
Design of the cable terminations
The superconducting DC monopole cable test system consists of the 30 m long cable in a flexible cryostat that connects to a termination unit on each end. The terminations serve as locations for injecting the current into the superconducting cable from a power supply as well as the inlet and outlet of cryogenic helium gas from the circulation system. A schematic of the test assembly is shown in Fig 1 . Fig. 2 depicts the details of the termination design. As shown in the figure, the termination tank consists of two sections; the top section consists of a vertical vacuum jacketed current lead chamber that can be filled with liquid nitrogen and has a flange to fit the upper bushing with a current lead to connect to the power supply. The bottom of the upper bushing connects to the top of the lower bushing via a short flexible section. The flexible section absorbs the mechanical stresses caused by the thermal contractions during the cool down as well as any misalignments between the two bushings. The bottom section consists of a horizontal vacuum jacketed helium gas chamber designed for operating pressures of up to 20 bar. The interface between the liquid nitrogen section and the gaseous helium section is a 6 inch ConFlat vacuum flange (DN100) surrounded by a vacuum space to minimize the thermal link between the two sections. The 6 inch flange houses the lower bushing that completed the electrical connection between the top bushing and the superconducting cable terminal.
The purpose of the liquid nitrogen section is twofold. At first, the liquid nitrogen section intercepts both the conductive heat leak from the ambient and Joule heating of the copper conductors. Secondly, the presence of liquid nitrogen maintains the flange of the lower bushing at around 77 K thus ensuring the dielectric strength of helium gas on the surface of insulator body of the lower bushing. Details of the bushings design and measurements of their dielectric properties were published elsewhere by Rodrigo et al. (2013) .
The vacuum jackets of the liquid nitrogen section and the gaseous helium section are connected to form one vacuum space. Helium gas enters from the side of the horizontal section which also has instrumentation feedthroughs for temperature and voltage measurements. The superconducting tapes of the cable are soldered to a rigid copper cylinder (cable termination block) that is attached to the copper clampshell connector. The two terminations are identical in design.
Estimation of heat load from the terminations and the cryostat
The heat leak from the test assembly described above was estimated from the design dimensions of terminations and flexible cable cryostat. The two main sources of heat influx into the helium system are:
Heat conduction through the walls of cable cryostat and terminations Heat conduction and Joule heating of current leads, clampshells, connectors, and cable termination blocks The influx through the walls of terminations and copper current leads, , was estimated by apparent thermal conductivity based on values found in the literature by Fesmire et al. (2002) and Gouge et al. (2008) for multi-layer insulation of similar specifications as those used here. Assuming a residual gas pressure of 0.1 Pa (cold vacuum pressure) for the termination, the apparent thermal conductivity is approximately k term = 3
The conductive influx through current lead was estimated using Fourier's law. Additional heat influx comes from the cable cryostat, , and two bayonet connectors, , between termination and cryostat. Values of Fig. 1 . Schematics of test assembly with helium circulation system. heat leak through the cryostat and connectors were based on a previous study by Pamidi et al. (2012 
with input variables summarized in Table 1 . There will be additional heat loads by Joule heating from contact resistances between various components such as current leads, clampshells, connectors, and cable termination blocks when current is applied.
Experimental approach
To measure the heat leak into the superconducting DC cable system, experiments were conducted on the terminations and cryostat assembly without the actual cable in the system. The temperature profile along the assembly was measured as a function of the mass flow rate of helium gas. Fig. 2 also shows the locations of the temperature sensors. Calibrated Lake Shore Cernox temperature sensors were attached to a fiberglass epoxy tube to enable positioning the sensors along the horizontal axis of the termination to match the position of the cable during an actual operation. An additional temperature sensor was also placed on the current lead at the bottom of the lower bushing on each termination. The temperature sensor on the current lead was later removed before actual operation of the cable at high voltage. The locations of the sensors were identical in both the terminations. Two cryostats were used in the experiments. One of the cryostats is a 1 m long custom made rigid vacuum jacketed cryostat with super insulation. The second cryostat is a 30 m long flexible cryostat manufactured by Nexans with inner and outer diameters of 39 and 66 mm, respectively as described in the datasheet (2003) . Both cryostats are connected to the termination tanks with bayonet type connections.
The cryogenic helium gas circulation system operates at pressures up to 17 bar and provides mass flow rates up to 8 g/s through the test assembly. In general, with this mass flow rate the helium circulation system can provide up to 400 W cooling power for a temperature rise of 10 K across the cable system. The inlet temperature is in the range of 40-75 K, depending on the cryostat used, operating pressure, and mass flow rate. The design details of the cryogenic helium gas circulation system were published elsewhere by Pamidi et al. (2012) .
To assess the benefit of liquid nitrogen in the current lead section in reducing the heat load to the helium flow chamber, experiments were performed with and without liquid nitrogen in the current lead chamber of the termination tanks. When liquid nitrogen was not used, the current lead chamber was evacuated down to less than 10 6 bar in order to provide thermal insulation.
Results and discussion
The termination tanks were first connected with the 1 m long cryostat and the assembly was evacuated followed by flushing with helium gas. The process of evacuating and flushing with helium gas was repeated three times before starting the cooling system. A similar procedure was followed for the experiments with the 30 m long cryostat. Fig. 3 shows the temperatures at the inlet and outlet of the assembly at several mass flow rates without the liquid nitrogen section filled. As expected the temperature rise across the cryostat decreased with the increase in mass flow rate initially and leveled off at around 4 g/s. Fig. 4 shows the variation in the temperature rise across the whole assembly including terminations and cryostat as the mass flow rate of helium gas is increased. For the 1 m long cryostat, the temperature rise dropped from 20 K for 1 g/s to 3.5 K for 6 g/s. Similarly, for the 30 m long cryostat, the temperature rise dropped from 16 K for 1.7 g/s to 5.2 K for 7 g/s.
Experiments without liquid nitrogen in the current lead chamber
For each mass flow rate, the temperatures at all the locations were recorded after the system reached a steady state indicated by stable temperature for 20 min. Approximate heat leak from each of the termination tanks and the two cryostats could be estimated from the experimental steady state temperature rise across each of the components, mass flow rate, and the heat capacity of helium gas (5 J/g-K). Fig. 5 shows the calculated heat load from each of the components for two sets of the experiments, one with 1 m cryostat and the other with 30 m cryostat.
As seen in Fig. 5 the calculated heat loads for both the inlet and outlet termination tanks from the temperature rise data of each flow rate and cryostat size are similar in magnitude and in the range between 35 and 55 W. The calculations are based on the assumptions that there is complete thermal mixing of the gas and no stratification in the termination tanks. These assumptions may not be valid in the termination tanks where the inlet and outlet of the gas and the cryostats are significantly narrower at 39 mm in inner diameter compared to the bulk of the termination tanks where the inner diameter is 254 mm. This effect may vary with the mass flow rate and the operating pressure.
The heat leak from the cryostats is estimated from the temperatures at the outlet of the inlet termination and at the inlet of the outlet termination. The cryostats are connected to the termination tanks via bayonet connections and a Teflon o-ring. There is some uncertainty in the heat leak at the connection points, but the heat leak calculated for the smaller cryostat is less than 1 W/m for 1 meter cryostat. The heat leak from the 30 m cryostat is in the range of 2.5-3.0 W/m. This value is slightly higher than the expected 1-2 W/m based on the manufacturer data and previous reports of such studies by Fesmire et al. (2002) and Gouge et al. (2008) . The cryostat has been used for two years in many experiments with high pressure helium gas and the higher heat load than suggests that there may be slight deterioration of vacuum quality. The calculated heat load increases from 2.5 W/m to 3.0 W/m with the increase in the mass flow rate due to promoting convective heat transfer on the wall of the cryostat because of higher flow velocity.
Experiments with liquid nitrogen in the current lead chamber
To quantify the advantage of using liquid nitrogen in the current lead chamber, experiments were repeated after filling the current lead section of both the termination tanks with liquid nitrogen. The temperature rises in both terminations and cryostats were measured at various mass flow rates similar to the set of experiments without the liquid nitrogen described in the previous sections. As expected, the temperature rise is smaller confirming the heat load through the current lead chamber to the termination is less. Fig. 6 shows the calculated heat loads from the termination tanks and cryostats for several flow rates for the experiments with liquid nitrogen in the current lead chamber. It can be seen that the heat load from the cryostat is similar to the set of experiments without the liquid nitrogen in the current lead chamber for both the 1 m and 30 m cryostat cases. The heat load from the termination tanks is around 20 W, approximately 30-40% lower than for the set of experiments without the liquid nitrogen in the current lead chamber.
The work presented here on the terminations that are partially cooled with liquid nitrogen is a proof of principle test on helium gas cooled superconducting cables with the ultimate goal to design, fabricate, and test fully helium gas cooled terminations for a coaxial dipole. The heat load from the terminations calculated from the temperature rise data represents the heat load without any current through the bushings. The results of the experiments suggest that each termination tanks requires a cooling power of 20-40 W and the cryostat requires approximately 2 W/m making the total required cooling power to remove the heat leak into the system of 100-140 W in order to operate the cables at 40-50 K. Additional cooling power is needed to compensate for the conductive and Joule heating of the current leads of the cable under operating current. Data described in the paper along with future work on estimations of heat load from the current leads under operating conditions will allow for complete estimation of cryogenic cooling capacity required for fully helium gas cooled superconducting cable systems.
Conclusions
Thermal studies on the cable terminations and a 30 m cable cryostat meant for testing a superconducting DC monopole cable cooled with helium gas circulation provided a thermal map of the system without the actual superconducting cable. The total heat leak into the system, estimated from measurements of the temperature profile across the test system, is approximately 100 W when liquid nitrogen is used in the current lead chamber of the termination tanks. Absence of the liquid nitrogen increases the total heat load to 140 W. The temperature rise across the terminations and cryostat assembly is 4-8 K, depending on the mass flow rate of helium circulation. The temperature profile across the test system was used to estimate the heat load from different components of the system. Further studies on the measurements of the additional heat load from the conductive and Joule heating in the current leads and solder contacts to the cable have been conducted to enable estimations of cryogenic cooling capacity required for operating a superconducting DC cable with helium gas circulation. The data presented in the paper will also be used to optimize the thermal design of fully helium gas cooled terminations for superconducting cables. 
